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      The Electro-Fenton technique was used to investigate the discoloration of carmoisine red azo dye solution. Carbon graphite (cathode) 
and platinum (anode) electrodes were used to achieve optimal discoloration efficiency. We examined the effect of Fe2+ concentration and 
current density. The results showed that with 200 mA cm-2 of electrolysis current and 0.2 mM of Fe2+ at pH = 3; 93% discoloration 
efficiency was achieved in 60 min. IR, LC-MS-MS, and Ion Chromatography studies were used to evaluate the degradation process of 
carmoisine red. Intermediates of aromatic compounds have been identified. A possible carmoisine red degradation pathway was proposed 
and discussed. 
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INTRODUCTION 
 
      Azo dyes are a type of synthetic dye that combines an 
azo functional group (-N=N-) and aromatic groups to 
produce a variety of colors [1,2].  
      According to several studies, there are over 100,000 
commercially available dyes, with an annual production of 
about 7 × 105 tons of dye-stuff [3]. They're widely 
employed in a variety of industries, including textiles, 
paper, printing, dye, pharmaceuticals, food, cosmetics, 
plastics, and electronics. They represented almost a third of 
the total dye markets [4-6]. After being used in an industrial 
process, the majority of azo dyes were discharged into the 
environment. Because they are toxic, carcinogenic, 
mutagenic, and allergenic, causing human genes are 
changed [7], releasing them into the environment has 
resulted in a lot of harmful effects on the ecosystems [8-11]. 
      This dye is not very hazardous but can cause harmful 
effects and in extreme conditions can cause increased          
heart rate,   vomiting,   severe  seizures,  cyanosis,  jaundice, 
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quadriplegia, and necrosis in humans. In addition, 
prolonged exposure to this dye may damage the mucous 
membrane and the digestive tract [12,13]. 
      To avoid polluting the environment, research efforts 
were needed to create robust and effective oxidation 
methods to remove these pollutants and their byproducts 
from wastewaters. 
      Biochemical and coagulation techniques have 
traditionally been used to treat solutions containing soluble 
dyes. All of these procedures are either expensive, 
inefficient or result in the creation of secondary harmful 
waste. Advanced oxidation technologies, as an alternative to 
traditional methods, have gained popularity in recent years 
(AOPs). 
      Advanced oxidation processes (AOPs) are strong 
chemical, photochemical, photocatalytic, and 
electrochemical processes that use the hydroxyl radical 
(•OH) as a powerful oxidant to degrade toxic and/or 
biorefractory organics in wastewaters [4,14]. The high 
standard reduction potential of •OH (Eo (•OH/ H2O) =        
2.80 V/SHE) makes possible its non-selective reaction with 
most   organics   yielding  dehydrogenated  or  hydroxylated 
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derivatives, which can be in turn completely mineralized. 
      Electro-Fenton process is one of the advanced oxidation 
processes (AOPs) ) [15], that involves creating Fenton's 
reagent (Fe2+/H2O2) in an acidic medium (pH = 3) at the 
cathode by O2 reduction (Eq. (1)) [16,17].  
      The electro-generated H2O2 interacts with the 
added Fe2+ ions to form hydroxyl radicals HO• (Eq. (2)). 
The cathodic reduction of Fe3+ ions is mainly responsible 
for the regeneration of Fe2+ ions (Eq. (3)). As a result, only 
a small amount of iron (Fe2+) catalyst is required. 
 
      O2 + 2H+ + 2e- → H2O2    (E° = 0.69V/SHE)              (1) 
                                                                  
      Fe2+ + H2O2 → Fe3+ + OH- + HO•    (Fenton’s reaction) 
                                                                                            (2) 
 
      Fe3+ + e- → Fe2+       (E° = 0.77 V/SHE)                      (3) 
                                                                         
The hydroxyl radical obtained can be used to effectively 
degrade organic pollutants [18,19]. This method is a good 
alternative to the whole decomposition of hazardous 
substances for environmental and ecosystem protection 
since it is a quick and inexpensive process that does not 
require the use of toxic chemicals. 
      In the present work, we used the Electro-Fenton process 
with a Pt anode and a graphite carbon cathode to explore the 
discoloration of the azo dye carmoisine red in aqueous 
solutions. To achieve an optimal condition of dye 
degradation, many treatment parameters such as Fe2+ 
concentration and electrolysis current have been 
investigated. Infrared Spectroscopy, liquid chromatography-
mass spectrometry (LC-MS-MS), and ion chromatography 
(IC) were used to examine the intermediate products 
generated during the treatment of carmoisine red solution. 
Based on these results, a plausible mechanism pathway of 
the degradation of carmoisine dye was proposed. 
 
MATERIALS AND METHODS 
 
Chemicals 
      The synthetic organic dye used was carmoisine red. 
Ferrous sulphate heptahydrate (FeSO4, 7H2O), sodium 
sulfate (Na2SO4), and Sulphuric acid (H2SO4) were all 
reagent grades and utilized without additional purification. 
All of the solutions were made with distilled water,  and  the 

 
 
tests were carried out at room temperature. A HANNA 
HI8519N pH meter was used to determine the pH. 
 
Electrochemical Cell and Apparatus 
      Degradation of carmoisine red by the Electro-Fenton 
process was performed in an undivided electrochemical cell 
equipped with two electrodes (Fig. 1).  
      The cathode material was a graphite carbon 3 cm2 and 
the anode material was a platinum 14 cm2. The applied 
current between these electrodes was performed by a 
Potentiostat VoltaLab type PGZ 100. Prior to the 
electrolysis, compressed air was bubbled through the 
solution to reach a stationary O2 concentration. A 
concentration of sodium sulfate 1 M (Na2SO4) was added to 
the solution as the supporting electrolyte. The iron sulfate 
(FeSO4, 7H2O) catalyzing the Fenton reaction was added to 
the reaction medium before the beginning of the 
electrolysis. The pH of the solutions was adjusted to 3 by 
sulphuric acid (1 M) under stirring to avoid the precipitation 
of ferric hydroxides. The initial concentration of carmoisine 
dye used in this study was 1 g l-1. The spectrophotometric 
measurements were carried out at λ = 515 nm using a Helios 
gamma spectrophotometer since themax of the azo bond 
N=N is around that wavelength. 
 
Instruments and Analytical Procedures  
      Apparatus. The HPLC-MS-MS system consisted of a 
Shimadzu LCMS-8030 triple quadrupole mass spectrometer 
operating in the electrospray ionization (ESI) mode. The 
Shimadzu  HPLC  system  was   equipped  with  a  degasser, 
 
   

 

 
Fig. 1. Experimental set-up for Electro-Fenton experiments. 
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binary gradient pumps, a column oven, and an auto-sampler. 
      UPLC conditions: The degradation of carmoisine red 
was measured by high-performance liquid chromatography 
(HPLC) using Shim-pack GIST column C18 (2.1              
100 mm). The mobile phase was Methanol: Water 60:40 
(v/v), with isocratic elution at a flow rate of 0.3 ml min-1. 
The column temperature was maintained at 25 °C. The 
injection volume was 10 µl. The detection was carried out at 
a wavelength of 220 nm. 
      Mass spectroscopy (MS) conditions: The following 
settings were used: the nebulizing gas and drying gas was 
nitrogen at a flow rate of 2 and 15 l min-1, respectively. The 
interface voltage was set to 4.5 kV. The desolvation line 
(DL) temperature was 250 °C while the heat block 
temperature was 400 °C. The well time was set to 80 ms and 
detection was carried out within a mass range of 100-       
700 m/z. 
      Ion chromatography (IC). Ion chromatography 
(Metrohm 883 Basic IC plus) in combination with a 
conductivity detector was used to determine the 
concentration of anions (such as nitrate and sulphate ions) 
emitted during oxidation. The anionic exchanger column 
(6.1006.430 Metrosep A Supp 4) was used. The volume of 
injections was 10 µL. The mobile phase used was Na2CO3 
(1.8 mM) and NaHCO3 (1.7 mM).  
      Fourier transform infrared (FT-IR) spectroscopy. 
The powdered tablet samples were placed on Smart iTR™ 
Attenuated Total Reflectance (ATR) accessory composed of 
diamond crystal as sample handling technique at a 
controlled ambient temperature (25 °C). Samples were 
scanned using Nicolet iS10 FTIR spectrophotometer 
(Thermo Fisher Scientific). The instrument was connected 
to software OMNIC and spectra were scanned at 
wavenumbers of 4000-650 cm-1, recorded for 32 scans at a 
resolution of 4 cm-1. The air spectrum was used as 
background. Each data point was recorded in three 
replicates using absorbance mode to facilitate quantitative 
analysis. 
 
RESULTS AND DISCUSSION  

 
Discoloration of the Carmoisine Red Solution Using 
the Electro-Fenton Process 
      The  study  was  carried  out  using   a   1 g l-1   synthetic 

 
 
solution of carmoisine red dye. The UV-Vis spectrum of the 
solution was drawn and shown in Fig. 2. All experiments 
were performed in a 50 ml carmoisine red solution at 25 °C 
under magnetic stirring. 
 
Effect of Fe2+ Concentration 
      The influence of Fe2+ concentration on the discoloration 
efficiency of carmoisine red solution using the Electro-
Fenton process is shown in Fig. 3. Experiments were carried 
out with various concentrations of Fe2+ (from 0.05 to         
0.6 mM), at a fixed electrolysis current density of                 
200 mA cm-2 and pH = 3. The results are presented in           
Fig. 3. 
 

 
Fig. 2. The chemical structure and the UV-Vis spectrum of  

             the carmoisine solution. 

 
Fig. 3. Effect of  Fe2+ concentration on the  discoloration  
           efficiency of carmoisine solution, [Dye] = 1 g l-1;  

               i = 200 mA cm-2; pHi = 3; bubbled O2. 
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      The efficiency of discoloration is proportional to the 
initial concentration of ferrous iron, as shown in Fig. 3. 
When the Fe2+ concentration was increased, the 
discoloration efficiency increased. The Electro-Fenton 
process appeared to be most effective at Fe2+ concentration 
of 0.2 mM. Similar results have already been reported [20-
23]. 
Indeed, the stabilization of carmoisine discoloration 
efficiency while the Fe2+ concentration increased can be 
explained by the presence of parasitic reactions that 
consume the hydroxyl radicals according to the reaction (4) 
[22]: 
 
      Fe2+ + •OH    →   Fe3+ + OH−                                                            (4) 

                                                                                                                                 
On the other hand, the Fe3+ ions generated could react with 
hydrogen peroxide H2O2, according to reactions 5 and 6 
[24]. This contributed to decrease discoloration efficiency. 
 
      Fe3+ + H2O2 → Fe −OOH2+ + H+                                                    (5) 

                                                                                                                      
      Fe - OOH2+ → HO2

• + Fe2+                                                                  (6) 

                                                                                                                                      
Thus, the initial concentration of Fe2+ was a very influential 
parameter in the Electro-Fenton process. In all the following 
experiments the concentration of Fe2+ catalyst was fixed at 
0.2 mM. 
      Effect of electrolysis current. After determining the 
catalyst concentration, the most suitable current density for 
carmoisine discoloration using the Electro-Fenton 
process should be established. Different solutions 
containing the same amount of carmoisine (1 g l-1) were 
electrolyzed at different current densities ranging from 40 to 
300 mA cm-2 for this purpose. Figure 4 shows the final 
results. 
      Figure 4 shows that the discoloration efficiency of 
carmoisine was improved when the electrolysis current was 
increased from 40 to 200 mA cm-2. According to the 
reaction (2), this was due to a larger production of the 
Fenton reagent (Fe2+/H2O2), which leads to a higher 
production of hydroxyl radicals [25]. We also observed that 
the discoloration efficiency remained constant for the 
electrolysis current i = 300 mA cm-2. It was almost       
similar to that obtained for i = 200 mA cm-2 after 60 min of 

 

 
Fig. 4. Effect  of  electrolysis  current  on   discoloration  
            efficiency of carmoisine solution; [Dye] = 1 g l-1;  

               [Fe2+] = 0.2 mM; pHi = 3; bubbled O2. 
 
 
electrolysis time. Furthermore, according to reaction (7), an 
excess of current favored the formation of H2 at the cathode. 
 
      2H+ + 2e- → H2(g)                                                         (7) 

                                                                                                                                                               

Similar observations were reported in other studies (Acid 
Orange 7) [23,26]. To summarize, increasing the 
electrolysis current can improve the efficiency of the 
Electro-Fenton process, but the value should be limited to 
200 mA cm-2 to reduce energy cost. 
 
Characterization of Carmoisine Red Solution after 
Degradation by the Electro-Fenton Process 
      Characterization by fourier transforms infrared 
spectroscopy (FT-IR). The IR spectra before and after 
treatment of the dye solution were generated and illustrated 
in Fig. 5 with the objective of understanding the carmoisine 
dye molecule behavior under the effect of the Electro-
Fenton process. 
      Before treatment, the IR spectrum of carmoisine red 
solution revealed a broad and intense band at 3436 cm-1, 
which was attributed to stretching vibrations of –OH groups  
(Fig. 5 and Table 1) [27]. The band at 1620 cm-1 was 
assigned to aromatic C=O stretching vibration [28,29]. The 
intense band at 1494 cm-1 was attributed to the azo bond of 
the dye (-N=N-) [29-31]. The band at 1181 cm-1 could be 
assigned  to  C-O  stretching  vibrations  [32].  The  bands at 
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Fig. 5. IR  spectra  of carmoisine red solution  before  and  
            after  treatment   by  the   Electro-Fenton   process.  
           [Dye] = 1 g l-1, [Fe2+] = 0.2 mM, i = 200 mA cm-2. 

 
 

Table 1. IR Spectrum Band Assignments 
 
Wavenumbers 
 (cm-1) 

Functional groups along with the mode 
of vibration 

3436 Stretching vibration of hydrogen bonded 
(-OH) 

1620 C=O 
1494 -N=N- 
1181 C-O 
1043 
940 

C-C 

823 C-H 
1003 -S=O 

 
 
1043 and 940 cm-1 corresponded to aromatic ring C-C 
stretching vibrations [31], while the bands at 823 cm-1 could 
be ascribed to C-H stretching vibrations [32]. The 
absorption band near 1003 cm-1 was attributed to the S=O 
bond [31,33].  
      The IR spectra after 1 h of solution treatment using the 
Electro-Fenton process is shown in Figure 5. We observed 
the disappearance of absorption bands at 1494, 1181, 1043, 
and 823 cm-1. Also, the spectrum revealed the presence            
of three lower intensity bands at 3436, 1661, and                
1124 cm-1  which   were  attributed  to  the  -OH, -C=O,  and            

 
 
-S=O groups, respectively [34,35]. 
      After 2 and 3 h of treatment, we observed the 
disappearance of all the bands. A single low-intensity band 
at 1124 cm-1 attributed to the deformation of the naphthalene 
and SO3

- naphthalene groups [31]. 
      Characterization of carmoisine red solution after 
treatment by ionic chromatography (IC). The total 
mineralization of organic compounds containing C, S, and 
N elements leads generally to the formation of carbon 
dioxide, sulphate, and nitrate compounds following the 
reaction (8). 
 
      C20H12N2S2O7Na2 + 102OH• → 20CO2 + 2Na+ + 2SO4

2-  
      + 2NO3

- + 55H2O + 4H+                                                                        (8) 
 
Ionic chromatography was used to monitor the evolution of 
nitrate and sulphate ions concentrations during the Electro-
Fenton oxidation process. Figures 6, 7, and Table 2 show 
the results. 
      The evolution of sulphate ions concentration during the 
Electro-Fenton treatment of carmoisine solution is presented 
in Fig. 7. After 5 h of electrolysis, the concentration of  
SO4

2- ions formed from carmoisine degradation reached  
340 g l-1. This value was close to the theoretical value of 
382 g l-1 as displayed in Table 2, which showed that              
the sulphate ions release was almost 89%. This indicated           
that  most  of  the (–SO3

-)  group  present in  the  carmoisine 
 
 

 
Fig. 6. Ionic chromatography spectrum after 60 min of  

                solution treatment. 
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Fig. 7. Evolution of  sulphate ions concentration  during the  
           Electro-Fenton treatment of carmoisine red solution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
structure was oxidized with the quantitative formation of 
SO4

2- ion [11,36]. 
      On the other hand, the ionic chromatography spectrum 
did not reveal the presence of nitrate ions in the solution 
after treatment (Fig. 6), this could be explained by the 
formation of gaseous molecules such as NxOy and more 
particularly NO2 as reported for similar treatments of other 
azo dyes [14,35], or by the formation of nitrated organic 
intermediates [37,38].  
      Analysis of intermediates formed after degradation 
of carmoisine red solution by LC/MS/MS. Table 3 shows 
the retention times in the liquid chromatograms of various 
intermediates formed during the Electro-Fenton degradation  

 
 
of carmoisine red. The components eluted with different 
retention times were subjected to mass spectrometry and 
identified by the interpretation of their fragment ions in the 
mass spectra. Figure 8 presents the mass spectra of the 
intermediates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
Fig. 8. LC/MS/MS spectra of carmoisine red solution after  

             treatment by Electro-Fenton process. 

Table 2. Inorganic Anions Concentration after 300 min of  
                Solution Treatment 
 
 [SO4

2-] 
(mg l-1) 

[NO3
-] 

(mg l-1) 
Maximum concentration for 
complete mineralization* 

382 241 

Experimental value (After        
5 h of treatment) 

340 0 

Experimental value/ 
Maximum value (%) 

89% 0 

*Calculated according to reaction (8). 
 

Table 3. Chemical Structures of Intermediates Identified  
                 by  LC/MS/MS   in  Carmoisine  Red  Solution  
                 after Treatment 
 
Intermediate 
number 

(A) (B) (C) 

 
Chemical 
structure 

OH

SO3
-

NO2

O

O

HO

HO

 

OH

SO3
-Na+

OH

OH

NO2HO

HO

 

O

OH

OH 

m/z 355 328 102 
Rt (min) 1.5 3.5 4.6 
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      Table 3 shows the three main compounds detected in the 
solution. After 60 min of treatment with the Electro-Fenton 
process, the intermediates of carmoisine red were  
identified: 4,6,7-Trihydroxy-3-nitro-5,8-dioxo-5,8-dihydro-
naphthalene-1-sulfonic acid anion (intermediate A), 
Sodium; 4,5,6,7,8-pentahydroxy-3-nitro-naphthalene-1-
sulfonate (intermediate B) and 4-Hydroxy-but-3-enoic acid 
(intermediate C). 
      Degradation pathway of carmoisine dye: LC-MS-MS 
was used to identify the intermediate compounds formed 
during the degradation of carmoisine red solution, allowing 
us to propose a schematic degradation pathway of 
carmoisine red by chemically generated hydroxyl radicals 
(Fig. 9). 
 

OH
N

N

SO3
- Na+

SO3
- Na+

Oxidative ring opening

CO2 +  H2O + SO4
2- + NO3

-

Radical attack oOH

OH

SO3
-

NO2

O

O

HO

HO

A

OH

SO3
-Na+

OH

OH

NO2HO

HO

O

OH

OH

B C

Carboxilic Acids Formation

Mineralization

Carmoisine red

 
Fig. 9. Proposed degradation pathway of carmoisine red dye  
           with Electro-Fenton process. 
 
 
      One of the main advantages of the Electro-Fenton 
process  is  the   complete   mineralization   and  degradation          

 
 
of organic compounds. High-performance liquid 
chromatography coupled with mass spectroscopy 
HPLC/MS/MS and ionic chromatography analysis of 
electrolyzed azo dye revealed the formation of different 
oxidation products. The proposed reaction sequence for the 
degradation of dye carmoisine red is shown in Fig. 9. The 
oxidation of carmoisine red under the action of •OH started 
with the cleavage of the azo bond group –N=N–, the most 
active group in the structure of the dye molecule [38-40], to 
produce the naphthalene derivatives (A), (B) and 4-
hydroxy-but-3-enoic acid compound. During the oxidation 
of organic molecules, most of the ions element went away 
from the dye structure as SO3

- and NxOy ions. After that 
gradual cleavage of aromatic ring occurs, and this leads 
probably to the formation of CO2 as the final product 
[41,42].  
 
CONCLUSIONS 
  
      In this study, we have successfully applied the electro-
Fenton process to the discoloration and degradation of            
1 g l-1 carmoisine red in an aqueous solution. This system 
allows in situ production of Fenton’s reagent and so the •OH             
via electrochemistry. To achieve optimal discoloration 
efficiency, carbon graphite (cathode) and platinum (anode) 
electrodes were used. The effects of parameters, namely 
Fe2+ concentration and electrolysis current were analyzed. 
The parameters determined to obtain an optimal 93% 
discoloration efficiency of carmoisine solution were pH = 3, 
electrolysis current 200 mA cm-2, concentration of Fe2+        
0.2 mM and 60 min of electrolysis time. 
      Thereafter the degradation of carmoisine azo dye during 
Electro-Fenton treatment was analyzed by LC-MS-MS and 
ionic chromatography. It led to the formation of three 
aromatic intermediates: 4,6,7-trihydroxy-3-nitro-5,8-dioxo-
5,8-dihydro-naphthalene-1-sulfonic acid anion; Sodium; 
4,5,6,7,8-pentahydroxy-3-nitro-naphthalene-1-sulfonate; nd 
4-hydroxy-but-3-enoic acid. The sulfur atom of the azo dye 
(382 mg l-1) was transformed to a sulphate SO4

2- ions, with a 
concentration of 340 mg l-1 (89% of initial S), at the end of 
the treatment (300 min). A degradation pathway was 
proposed, in light of the obtained results. All these            
results show that the Electro-Fenton process is viable 
environmentally friendly technology for the  remediation of  
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wastewaters containing dyes. Future work will be focused 
on the geometry of both electrodes materials and reactor in 
order to study the efficiency of the Electro-Fenton process. 
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